Future applications for ferroelectric ceramics include thin-film resonant microstructures for timing, sensing, and actuation. The frequency range of interest extends from nearly DC through the UHF band. At high frequencies especially, it is difficult to obtain precise material parameters from broadband electrical measurements. We have developed highly accurate two canonical cases of thickness-and lateral-field lumped equivalent networks for these frequencies, for the excitation. Measurements on these circuits permit the extraction of the complex dielectric, piezoelectric, and elastic parameters of the ceramic material. A numerical example is given.
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Introduction'
developed for a variety of mixed-effect microdevices that Modern ferroelectric materials are being utilize the elastoelectric coupling stemming from the piezoeffect. These devices will be required to be uniform in their behavior to an extent unimagined in the past; this, measure precisely the material propenies of the in turn, necessitates the ability to characterize and substances from which they are fashioned. The properties in question are the dielectric, piezoelectric, and elastic constants; the measurements are electrical in nature, and the characterization requires highly accurate equivalent electrical networks, valid over a wide frequency range, to describe the physical processes involved. Traditional equivalent circuits suffer from a variety of shortcomings that, e.g., prevent adequate resonator characterization for the purpose of extracting material coefficients, as well as use of electronic frequency-temperature compensation in oscillator (TCXO) applications. The traditional Butterworth-van Dyke (BVD) equivalent circuit of a resonant system driven by exposure to a capacitive electric field has been exploited for many years to represent piezoelectric resonators The traditional BVD circuit is given in Fig. la . A distinction must be made according to the direction of the exciting field; the distinction is represented by the differences in Figs, l a and 1 b.
Simple Thickness Mode?
In order to treat our subject without undue consideration is a piezoelectric plate resonator having an complication, we assume that the structure under unbounded lateral extent. For these plate modes, it is found that the capacitance ratio, r = C&, of the BVD circuit is related to the piezoelectric coupling factor, k, by the relation: r = n'/8k2.
Thickness and Lateral Excitations.6
The usual case of transduction is via a pair of electrodes placed on the major surfaces of the plate, to produce a thickness-directed driving field; this is known as thickness excitation (TE). Driving fields impressed from the side produce lateral excitation (LE). In the LE case the driving field is orthogonal to the wave-produced field in the thickness direction; this situation is appropriate to the BVD circuit of Fig. la . The TE situation, where the driving and wave-produced fields are parallel, is shown by the theory to be characterized by the alternative BVD circuit of Fig. lb ; the presence of the negative capacitor is a manifestation of the interaction of the driving and waveproduced fields.
Thickness excitation is the overwhelmingly predominant form of excitation for piezoelectric plates.
In Fig. 1 the BVD circuits for LE and TE are contrasted. It is seen from the figure that the capacitance ratios r and r' differ by unity. A number of important electrical atlributes, e.g., the frequency difference (fAfR), of the networks, are related to the capacitance ratio. Depending upon the size of the piezocoupling factor, k, the use of the traditional BVD network of in a significant error. Consider the case of a poled ceramic where k = 51%. From the relation given above, r =n2/8kz, we find that r = 4.74, and r' = 3.14; the difference is greater than 20%, and is therefore quite significant. For a low coupling substance such as AT-cut quartz, where k = 8.80% rand r' differ by only 0.6%; this is frequently of no consequence.
inclusion ofloss' of loss by two simple expedients. Internal friction within
We may include the phenomenological effects the piezo material is accounted for by making the elastic stiffness complex: cE+ c = cE+ jwq; the imaginary part making the velocity and wavenumber complex, and leads, is the acoustic viscosity tern. This has the effect of term. The second provision is for dielectric and ohmic in the lumped BVD description, to the presence of the R, losses. These are accommoda!ed by making the dielectric permittivity complex: E' + E = E' -jEO, and combining ohmic and dielectric loss terms; the total effect is additive, so that the total effective a is the ohmic conductivity a plus the dielectric losses, WE". In the traditional BVD circuit these losses appear as a shunt resistor across the static capacitor C,. When the LE version of the BVD circuit is taken, the further addition of the shunt resistor constitutes the ceramic resonator equivalent circuit almost universally used at low frequencies. Viscous and dielectric mechanisms are incorporated using two time constants, each of which is a real number. The motional time constant is T, = R,C, = q/c, where c is the lossless piezoelectrically stiffened elastic stiffness for the mode in question. The "static" time constant is = R&, =E'/ (a + oe"), which reduces to T, = E'/ a in the DC limit.
Lumped Circuits2,4,8
Exact expressions for the input admittance, Y,,, of a single excited mode in the one-dimensional approximation, when driven in TE and LE, are:
where T(X) = tan(X)/(X), and X = +h. The parameter K = w/v is the acoustic wavenumber and v is the piezoelectrically stiffened acoustic velocity. Piezoelectric transformer turns ratio, n, appearing in Fig. 2 , is found from the relation n2= (eN2hj = 2 C,k2f,/Y,, where Y, is the acoustic admittance. 2) the effect of all other harmonics is subsumed into another capacitor, C,, shunting the R, , L, , C, branch.
L,.
3) electrode inertia is modeled by an inductor contrasted with the network usual!y given for ceramic The more accurate circuit of Fig. 3 is to be resonators; viz., an LE BVD with shunt G,. If necessary to expand the frequency measurement regime to more than one harmonic, the circuit of Fig. 3 may be augmented by the placement of additional series RLC arms shunting that shown, with a concomitant decrease in the value of C, .
Circuit Element Values
We assume a thickness-excited (TE) piezo resonator of thickness 2h, coated with coextensive electrodes of area A, mass density p*, and thickness h. on the major plate surfaces. The plate is of mass density p; complex dielectric permittivity and total *effective conductivity in the thickness direction are E and U, effective piezoelectric constant is e, and the stiffened elastic constant and viscosity governing the modal velocity and attenuyion are denoted by c and q. The requisite values ofa , U, e, t\ and c are obtained from the material tensor schemes by straightforward methods. The piezoelectric coupling coefficient is k.
In terms of these quantities, the circuit elements of Fig. 3 are, to our level of approximation:
More generally, C, and k' are complex, which render the lumped circuit elements complex.
The effects can virtually all be subsumed into the same circuit form with modified values. The quality of fit can be further enhanced by adding, in series with C,, an R,and L,.
Numerical Example
We give as an example the circuit parameters and electrical input behavior of a thin-film, thicknessmode ceramic resonator for operation in the VHF-UHF frequency bands. The material chosen is a modified lead titanate. Piezoelectrically stiffened, lossless acoustic velocity is v = 4400 &S; piemcoupling is k = 51%; and dielectric constant in the thickness direction is ET3,1E, = 263. We choose specifically a fundamental mechanical response frequency of f, = 250 MHz; the resonator thickness required is 2h = v/2f, = 8.8pm. Mass density is taken as 7.52 10' kg/m'. To obtain the permittivity E', necessary to calculate C9; we make the reasonable approximation that E' D E ,, (l-k2). This yields E' e transformer turns ratio squared is therefore n' z 0.842.
194
.59 E~ z 0.7399 sTI3 S 1.723 nFlm. The piewWe also assume a viscous (or motional) time constantr, of value T, = S (loss one hundred times greater than quartz); this is presently unattainable at VHF/UHF, but is anticipated with future advances in material science. A value of total U (conduction plus dielectric loss) of I O -' S/m is used in the calculations, corresponding to a static time constant, 70 D E la, of 17.23 ms. formulas given earlier, the parameters associated with the
The above data permit us to calculate, using the equivalent network of Fig. 3 ; these are given, to an accuracy consistent with our other approximations, as Table 1 gives the resonance, antiresonance, and
The condition -C, = -G, = 0 is pertinent to LE, while the fractional difference frequencies for aluminum electrodes.
first entry is for TE; the entries where L, = 0 correspond to the absence of mass loading (p = 0). The last column in Table I shows the fractional separations for various alterations in the circuit of Fig. 3 A Ballato and I Ballato, "Accurate electrical measurements of modern ferroelectrics," forthcoming. 
